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Abstract 
Ground state optimizations and excited state calculations were performed to analyze the 
possible anionic forms of Alizarin Red S(ulphonated) and its ML2 type metal complexes 
formed with palladium(II). Six functionals have been tested (B3LYP, M06-2X, M06, 
BH&HLYP, PBE0, LC-wPBE, and CAM-B3LYP) with two basis sets (6-311+g(d,p) and 
TZVP). The relative errors of these functionals in reproducing the experimental UV-Vis 
absorption wavelengths are reported for the energetically lowest lying isomers. It was found 
that the degree of deprotonation affects several functionals in a systematic way. M06 and 
CAM-B3LYP xc-functionals gave the best estimates according to the average relative errors. 
These two functionals were then used to explore the coordination mode (hydroxy-keto or 
catechol) of the palladium(II) complexes and the effect of (de)protonation. 
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Introduction 
 
Alizarin (1,2-dihydroxy-9,10-anthraquinone, Alizarin Red) is widely used but still 
investigated molecule. In particular, its clinical and industrial applications (textile dyes, bio-
labeling, optical device manufacturing, etc.) are major topics of recent researches [1-8]. It is 
also a popular pH indicator with color changes related to the (de)protonation of the –OH 
group in the C2 position. Interactions of different metal ions with Alizarin are used for a wide 
range of analytical processes such as trace metal extraction or quantification and also for 
biological application such as calcium ion assay [1-3, 7]. Alizarin Red has low water 
solubility therefore in aqueous solution its sulphonated derivate (Alizarin Red S, ARS) is 
used.  
Many experimental and theoretical works deal with the optical and excited state 
properties and/or the tautomeric forms of alizarin and its ionized species [9-15]. However, 
most publications concerned specifically with sulphonated alizarine (ARS) are experimental 
studies and no calculations were made on its spectral properties [7, 16-19]. There are articles 
and reviews dedicated to the testing the TDDFT performance of different xc-functionals 
which include anthraquinone derivatives [9-12, 20, 21]. In these works the emphasis is mostly 
on giving a general description on the performance of the selected functionals so choosing the 
appropriate one for a particular molecular system is not straightforward. Although they 
consider a wide variety of compounds, the degree of deprotonation is rarely taken into 
account [10, 11].  
According to previous works PBE0 and CAM-B3LYP functionals showed the best 
performance for calculating excitation energies. With the current state of the art we are able to 
improve and extend the previous results [10, 11] using the new IEF-PCM algorithm [22] and 
the M06 class-functionals [23]. We are mainly interested in how the performance of the 
chosen functionals change if we “start removing protons” from the ARS and also whether the 
best performing functionals can reliably describe ARS complexes, too. Another difference 
between this work and the previous results is that in the literature several TDDFT studies 
were carried out in a way that they calculated excited states with different functionals in a 
single point fashion on structures optimized using a chosen level of theory [9]. Our treatment 
includes both ground state DFT and TDDFT calculations with the same selected functionals.  
In the second part of the present work we explore the complex formation of ARS with 
palladium(II). Studies on alizarin complexes are concerned with a wide variety of metal ions 
[24-26], but the following conclusion can be made: in acidic medium the metal ions form 
complexes through the oxygen atom of the carbonyl group and the oxygen atom of the 
phenolate group at C1 position called the hydroxy-keto coordination. Contrarily in alkaline 
medium there is a catechol coordination type involving the two phenolate oxygens in ortho 
positions. 
Joó et al. found that the complexation with palladium(II) yields a powerful catalyst for 
hydrogenation reactions of lipids in aqueous solution. However, this Pd-complex needs to be 
pre-hydrogenated in order to avoid long induction periods when used in reactions. During this 
process formation of several products has been observed and each of them gives a specific 
UV-Vis spectrum [27]. The Pd-ARS complex was first prepared by Bulatov et al. and they 
suggested a hydroxy-keto coordination based on IR spectroscopic measurements [28]. There 
is an inconsistency between the UV-Vis absorption wavelengths reported in these two papers 
which may be due to the uncertainty in the pH of the Pd-ARS solutions investigated.  
As ARS and also its complexes are water soluble the pH of the media cannot be 
neglected and in order to properly describe the given molecular system we need a 
computational method that gives consistent results. Because this current paper may initiate 
further experimental and theoretical research on Pd-ARS complexes (for example a study 
about the yet unknown structures of the hydrogenated derivatives reported by Joó et al.) 
selecting a reliable level of theory for these calculations is crucial.  
 
  
Calculation details 
 
All calculations were performed using the C.01 revision of Gaussian 09 software 
package [22]. The results presented in this paper were obtained by performing multi step jobs. 
The first step was full ground state geometry optimizations followed by frequency 
calculations. In the second step excited state calculations were carried out using time-
dependent density functional theory (TDDFT). The open source GaussSum software was then 
used to generate UV-Vis spectra from the calculated data [29]. After examining the obtained 
UV-Vis spectra it has been found that calculating the first 30 singlet excited states is enough 
to reproduce the peak shapes and wavelength range observed in the experimental spectra. 
Gaussian09’s default IEF-PCM solvent model was used in every case to account for the effect 
of water [30]. The reported relative energies in this work are derived from the calculated zero-
point corrected electronic energies of the corresponding structures. 
In this work six plus one xc-functionals have been tested: (1) B3LYP [31], (2) M06-
2X [23], (3) M06 [23], (4) BH&HLYP [32], (5) PBE0 [33], (6) LC-wPBE [34, 35], and 
CAM-B3LYP [36] but for this last functional B3LYP/6-311+g(d,p) optimized geometries 
were used for single point TDDFT calculations using the same basis set. The first four 
functionals are hybrid type with constant amount of exact HF exchange often referred in the 
literature as global hybrids. LC-wPBE and CAM-B3LYP are long range corrected (or range-
separated) hybrids where the amount of exact exchange grows with increasing interelectronic 
distance to make them more accurate for transitions to higher lying orbitals [9, 22]. Long 
range corrected hybrids offer the most improvement over global hybrids when dealing with 
large molecular systems, such as conjugated polymers, weakly bound complexes or 
calculating charge-transfer states. 
In addition to varying functionals two different basis sets for ARS calculations have 
been tested: (1) 6-311+g(d,p) is a Pople-type triple-ζ basis with one set of diffuse and 
polarization functions [37], (2) TZVP which is also a triple-ζ basis [38] and about the same 
size as the first one so a little difference should be expected between these two . 
For the palladium(II) complexes we used the following user-specified basis: CRENBL 
basis with effective core potential (ECP) on the metal [39] and TZVP basis set on the rest of 
the atoms. Computational results in the literature show very good agreement with 
experimental results when CRENBL ECP is used on heavy (metal) atoms especially for 
spectroscopic applications [40].  
Results 
 
In the first part of this section we provide the results of the ground state calculations 
(geometry optimizations). In the second part the relative errors of different xc-functionals in 
calculating the UV-Vis absorption wavelengths of the structures calculated in the first part are 
presented. In the third part we show the results obtained for palladium(II)-ARS ML2 type 
complexes.  
Although our goal was to give the most complete description of the different forms of 
ARS in aqueous medium, no neutral molecules were taken into account as it was assumed that 
the sulfo group is deprotonated in every structure (Fig. 1). Among the dianionic forms we 
only considered cases where intramolecular hydrogen bonding is possible (Fig. 2).  
The reason behind this thorough investigation was the change in solvent compared to 
previous articles dealing with alizarin from a theoretical point of view. In water there is a 
complicated dynamic equilibrium between the tautomers and also, one must take into 
consideration the deprotonation of one or both phenol groups. 
 Fig. 1 shows the results of the ground state calculations for the monoanionic forms of 
ARS. The listing order of the isomers is of no importance but the relative energies and the 
general trend – the shape of the lines – are. The third and seventh points show interesting 
behavior and those points indeed are the main difference between the tested functionals. In the 
case of PBE0, LC-wPBE and M06-2X functional 3 transforms spontaneously into 2 during 
geometry optimization and the same occurs for 7 (to 6) when using LC-wPBE and M06-2X. 
Isomer 8 has a more elaborate conjugated π system of electrons that cannot be represented 
with just placing double bonds in the structural formula and it is reflected by its highest 
relative energy. Fig. 3 shows the basis set effect by taking the difference between the relative 
energy plots given by the two basis sets. The difference for the dianionic forms is negligible 
(between 1.08 and -3.64 kJ/mol), but in the monoanionic case much greater effect is observed. 
To emphasize this, the vertical axis two of the plots in Fig. 3 has the same scale. The big 
differences show that B3LYP and PBE0 change behavior if we switch from the Pople-basis to 
TZVP, transforming 3 to 2 and 7 to 6, respectively.  
These results should not tell us that some functionals are “bad” or inaccurate, but 
rather which ones are consistent when describing the same process (quinonic OH to catechol 
OH occurs during both 3 to 2 and 7 to 6 conversions) or changing basis sets. It can be said 
that M06, BH&HLYP, M06-2X and LC-wPBE give consistent results with the first two 
finding 3 and 7 on the potential energy surface and the last two giving spontaneous 
conversions to 2 and 6. 
Fig. 2 shows the results of geometry optimizations on the dianionic forms of ARS. No 
spontaneous transition occurred between the calculated structures and also no basis set effect 
was observed. The first four structures have the proton on one of the catechol oxygen atoms 
and the tested functionals give similar results for their energies with only M06-2x and LC-
wPBE deviating slightly from the others. However, for the last structure – where the proton is 
on one of the quinonic oxygen atoms – significant scattering can be observed among the 
energy calculated by the different functionals. 
ARS, similarly to alizarin is a bidentate ligand in complex forming reactions. 2’ and 3’ 
can be thought of as the two extremity of an ML type complex where a proton is placed on an 
oxygen atom instead of a metal ion somewhere between the two coordinating oxygen atoms. 
This thinking can be applied to 4’ and 5’ which structures resemble a hydroxy-keto 
coordinated complex. For catechol coordination these two extremities are close in energy (< 
10 kJ/mol) and therefore it can be said that this coordination mode is balanced. However, for 
hydroxy-keto coordination the energy difference between 4’ and 5’ is much greater (more 
than 20 kJ/mol), 4’ being clearly lower in energy so a distorted bonding can be expected 
where the metal prefers one of the coordinating oxygen atoms over the other which makes 
hydroxy-keto coordination less favorable. There are significant differences in the hydrogen 
bond distances in the six-membered rings of 4’ and 5’ compared to the five-membered rings 
of 2’ and 3’ which also support this train of thought (Table I).  
The main transition in the experimental UV-visible absorption spectra of the different 
forms of alizarin is a π–π* type excitation occurring between the bonding and antibonding 
MOs of the anthraquinone ring. As the molecule deprotonates, the wavelength shifts from 
425 nm to the 510 nm region. The calculations show that this transition comes from only the 
aforementioned electronic excitation in contrast to the peak observed below 300 nm which 
includes most of the 30 calculated transitions. In the experimental spectra a third peak can be 
observed between pH ≈ 6-10 where the presence of the dianionic form is expected. 
There are two ways in which we can compare the performances of the functionals: (1) 
finding the spectra that is the most similar to the experimental one and taking the 
corresponding molecular structure (2) comparing the calculated spectra of the energetically 
lowest lying structure to the experimental spectra. The first approach can only give a vague 
impression because in excitation energy calculations the error is bigger than in ground state 
energy calculations and as it can be seen from our results several functionals don’t match the 
spectrum most similar to experimental results to the lowest energy structure. This is the 
reason why in Table II BH&HLYP and LC-wPBE does not give a second peak between 300 
and 400 nm in the dianionic case as we used (2) to compare the functionals. However, in the 
case of BH&HLYP the spectrum of 5’ have excitations at 534 and 320 nm and those values 
are almost the same as experimental ones at 510 and 326 nm. The only problem with 5’ is that 
it is the highest energy structure among the dianionic forms calculated by BH&HLYP. The 
mentioned two functionals overestimate the excitation energies and that is the reason for the 
middle peak of the spectrum to appear below 300 nm. 
Experimental excitation wavelengths are obtained from Ref. 19. The relative errors of 
different functionals calculated with the following formula are presented in Table II: 
 
 
ݎ݈݁ܽݐ݅ݒ݁	݁ݎݎ݋ݎ =
ߣ௖௔௟௖ − ߣ௠௔௫,௘௫௣
ߣ௠௔௫,௘௫௣
 (1)  
 
 The results show that B3LYP, M06 and PBE0 overestimate while CAM-B3LYP, 
M06-2X, BH&HLYP and LC-wPBE underestimate the experimental wavelengths based on 
the overall average of the calculated errors. The best estimates are given by M06 and CAM-
B3LYP with 5.0% and -5.7% mean relative errors respectively, M06 being the only functional 
which never exceeds 10% relative error within the three ionic forms. The degree of 
deprotonation has the biggest effect on the performance of LC-wPBE, BH&HLYP, M06-2X 
functionals, especially for M06-2X, where the fully deprotonated species is very well 
described (below 3%), but for the monoanionic form it gave more than 15% relative error 
(which is in absolute error more than 65 nm). 
 Complexes of ARS formed with palladium(II) are of square planar geometry due to 
the d8 electron configuration.  In case of ARS as a bidentate ligand two coordination modes 
are possible, one is the catechol – where the deprotonated hydroxyl groups at C1 and C2 
positions coordinate – the other is the hydroxy-keto coordination with a quinonic oxygen and 
a deprotonated hydroxyl group at the C1 position. Depending on the orientation of the ligand 
the complex can belong in either a C2v or C2h point group.  
 Fig. 4 and 5 show the considered [PdII(HARS)2]
2- and [PdII(ARS)2]
4- structures and 
their calculated relative zero point corrected electronic energies. Among complexes with 
dianionic ligands hydroxy-keto coordination is a lot more favorable than catechol 
coordination which order is reversed after removing an additional proton from the ligands. 
This behavior can be explained by looking at the drawn structures of cathecol coordinated 
[PdII(HARS)2]
2- complexes where to keep the conjugated π system the quinonic subunit 
breaks and one of the catechol hydroxyl groups (both if we consider the resonance forms) 
gains carbonyl character which contributes a weaker bond to the palladium. In the 
deprotonated case, both of the coordinating oxygens in the catechol coordination are 
phenolate type and therefore can bond the metal stronger. These results are in good 
correspondence with what was concluded from the ARS calculations. This tells us that at 
lower pH values formation of hydroxy-keto, at higher pH values catechol coordinated 
complexes are expected. In the present work the transition (rotation of ligands or dissociation 
and reformation of the complexes) between the two forms was not taken into account, but – 
considering that the relative energy of c5’ (mixed coordination complex) is between the 
“pure” states – it should not be considered impossible. The effect of symmetry (point group) 
has been found to have only a slight effect on the relative energies of the complexes.  
 The results of the TDDFT calculations on the Pd-complexes are more difficult to 
discuss than in the case of ARS. The two experimental results presented in Refs. 23 and 24 
are rather different. Bulatov et al. report only one peak with max of 530 nm at pH = 4.01 and 
630 nm at pH = 6.86 and they attribute it to c2. In the work of Joó et al. the UV-visible 
spectra of the possibly c1 complex is shown during a pre-hydrogenation process where the 
form “A” – which we deal with in the present work – exhibits peaks at 333 and 520 nm. They 
worked with a pH = 6.5 solution. 
We compared the calculated spectra to the spectra given in Ref. 24, and got the closest 
match in peak shapes for c1’ with both CAM-B3LYP and M06. c1’ is C2h type has 
essentially the same spectra as c2’ with C2v symmetry and it can be said that the effect of 
symmetry on every other calculated UV-Vis spectrum is also negligible. All the other 
calculated spectra have peaks between 400 and 500 nm which are not present in the 
experimental spectrum and have very different overall shapes. The problem with interpreting 
these results is that c1’ is not the lowest energy [PdII(ARS)2]
4- structure.  
According to the results of Bulatov et al., the deprotonation of the complex is 
accompanied by a bathochromic shift of the reported absorption maximum. This behavior is 
observed in the calculated spectra of c1 and c1’ (also for c2 and c2’), but in the case of the 
catechol coordination (c3-c3’ and c5-c4’) a hypsochromic shift is observed instead. These 
results and the good agreement of calculated peak shapes of c1’ with experimental spectra 
indicate the presence of hydroxy-keto coordinated complexes. However, the calculated 
energies suggest that catechol coordination should take place at higher pH values, which 
contradiction cannot be lifted at these levels of calculations. 
Although the general conclusions so far were the same, there are a few important 
differences between the two functionals: (1) TDDFT calculations with CAM-B3LYP give 
higher excitation energies than M06. It can be seen from the first peaks near 300 nm that there 
is about a 50 nm difference between the two functionals. This can also be observed in the 
ARS calculations (Table II). (2) For the majority of the structures oscillator strengths 
calculated with CAM-B3LYP are significantly higher. The spectra presented in this article 
have different half-width for the two functionals to give similar peak shapes. (3) The peaks 
observed at higher wavelengths consist of different numbers of excitations. ARS calculations 
give one low-energy excitation with mainly HOMO → LUMO character therefore the 
evaluation of the calculated results was much simpler. In the spectra of c1’ – which resemble 
the experimental spectrum – there is one such excitation calculated with CAM-B3LYP, while 
the peak in the M06 spectrum consists of two lines. 
The molecular orbitals involved in the lowest lying excited state (CAM-B3LYP) of 
c1’ with significant (> 0.1) oscillator strength are shown in Fig. 8. For M06 there are two such 
excited states with major contributions from these MOs. The one at 617 nm has 92% HOMO 
→ LUMO the other at 537 nm has 94% H–1 → L+1 contribution. Both of these excitations 
have a charge-transfer character. In the case of CAM-B3LYP the main low energy excitation 
is a mixture between the states calculated with M06. It has wavelength at 543 nm and includes 
65% HOMO → LUMO and 33% H–1 → L+1 excitations with oscillator strength (0.4438) 
near the sum of those of the previous M06 states (0.1937 and 0.1055). 
 
  
Conclusion 
 
We have performed DFT calculations using six xc-functionals for the anionic forms of 
Alizarin Red S. From the relative energies of the mono- and dianionic forms assumptions 
were made for the coordination mode of the palladium(II) complexes of ARS in acidic and 
alkaline media. The calculations on the metal complex were in good agreement with these 
presumptions. Energetically the catechol coordination mode is favored where the ligand is 
fully deprotonated. In the case of dianionic ligands – which complex is expected to form in a 
slightly acidic medium – hydroxy-keto coordination is preferred. Time-dependent density 
functional theory (TDDFT) calculations were carried out to verify these results but the shape 
of the simulated absorption of the catechol isomers are significantly different in comparison 
with the experimental spectra. However, the calculated spectra of the hydroxy-keto 
coordinated complexes gave peak shapes similar to the experimental ones and reproduced the 
experimentally observed bathochromic shift when the pH of the solution is raised.  
Testing the functionals showed that the main difference between the considered xc-
functionals is in the excited state (TDDFT) calculations. The results of the ground state 
calculations – which are the geometries and relative energies of the tautomers – show more or 
less the same relative energy order for every functional. The only difference is that there are 
some functionals which cannot identify isomers 3 and 7 as true minima on the potential 
energy surface. The change in basis set only affected the B3LYP and PBE0 functionals 
noticeably; the rest of the functionals gave consistent results. Performance analysis was 
carried out on the calculated excitation wavelengths. Functionals with more than 10% average 
relative errors (B3LYP, BH&HLYP and LC-wPBE) fail to match the calculated spectra of the 
energetically lowest lying isomer to the experimental ones in case of one or more of the three 
anionic forms, and therefore those are not reliable for TDDFT calculations on molecules 
similar to ARS. The degree of deprotonation affects CAM-B3LYP, M06-2X, BH&HLYP and 
LC-wPBE functionals in a systematic way where going from the monoanionic species to the 
fully deprotonated form the relative errors get smaller and smaller. The performance of 
B3LYP was improved by using the CAM-B3LYP xc-functional for TDDFT. Best estimates to 
the experimental wavelengths were given by M06 and the CAM-B3LYP “augmented” 
B3LYP. Calculations on the palladium(II) complexes were performed with these two xc-
functionals. In case of c1’ the main low energy transition band calculated with M06 consists 
of two excitations, one is mainly HOMO → LUMO, the other is H–1 → L+1 type. CAM-
B3LYP gives only one excitation, which is a mix of the M06 states.   
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 FIG. 1. The possible structures of the monoanionic ARS tautomers (H2ARS
-) and their 
relative zero-point corrected electronic energies. The sulpho group is considered to be 
deprotonated in every calculation. 
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 FIG. 2. The structures of the dianionic ARS (HARS2-) and their relative zero-point corrected 
electronic energies. Only those cases were considered where intramolecular hydrogen 
bonding is possible. 
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FIG. 3. The difference between the relative energies calculated with 6-311+g(d,p) and TZVP 
basis sets. The upper picture shows the monoanionic species, the lower one shows the 
dianionic forms. 
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FIG. 4. The structures and relative energies of the studied isomers of the Pd(II)-complexes 
formed with dianionic ARS ligands.  
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FIG. 5. The structures and relative energies of the studied isomers of the Pd(II)-complexes 
formed with fully deprotonated ARS ligands.  
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FIG. 6. The simulated UV-Vis spectra and the related structures of the most favorable 
hydroxy-keto coordinated Pd(II)-ARS complexes. 
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 FIG. 7. The simulated UV-Vis spectra and the related structures of the most favorable mono 
catechol coordinated Pd(II)-ARS complexes. 
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FIG. 8. The molecular orbitals (taken from CAM-B3LYP calculations) of c1’ involved in the 
most important excitations: MO 172 is the HOMO and MO 173 is the LUMO. The main low 
energy transition is a mix of 172 → 173 and 171 → 174 excitations. 
  
MO 172 MO 173
MO 171 MO 174
 Table I. Hydrogen bond distances of the dianionic ARS (HARS2-) isomers 
  
–OquinoneH···Ophenolate 
(pm) 
–OphenolateH···Oquinone 
(pm) 
–OphenolateH···Ophenolate (pm) 
Functional six-membered ring of c5’ six-membered ring of c4’ five-membered ring (c2’; c3’) 
  6-311+g(d,p) TZVP 6-311+g(d,p) TZVP 6-311+g(d,p) TZVP 
B3LYP 152.7 151.6 163.6 162.6 180.3; 182.1 179.2; 180.9 
BH&HLYP 160.3 159.5 168.7 167.8 183.6; 184.8 182.3; 183.7 
M06 159.9 159.2 167.6 166.8 181.6; 182.7 180.5; 181.8 
M06-2X 153.6 152.0 169.3 167.9 185.8; 186.5 184.1; 184.9 
PBE0 145.2 143.4 160.4 159.1 174.4; 175.1 173.2; 175.6 
LC-wPBE 150.4 149.2 165.1 164.0 174.7; 177.0 172.3; 175.3 
   
 
 
Table II. Relative errors of different functionals in the calculation of TDDFT excitation energies of different 
ionic forms of ARS. All calculations were carried out using the IEFPCM model for taking the solvent (water) 
into account. Experimental values obtained from Ref. 19. 
basis set b3lyp cam-b3lyp* m06-2x m06 BH&HLYP PBE0 LC-wPBE 
ARS3- (exp. λmax = 514 nm) 
6-311+g(d,p) 11.1% -0.4% -1.4% 6.8% -5.8% 7.6% -11.7% 
TZVP 9.9% - -2.7% 6.0% -7.0% 6.6% -12.6% 
HARS2- (exp. λmax = 510 and 326 nm) 
6-311+g(d,p) 
15.5% -3.5% -6.7% 8.0% -10.4% 10.4% -17.8% 
12.3% -7.7% -6.7% 7.4%  -** 8.0%  -** 
TZVP 
15.7% - -7.1% 7.8% -10.8% 10.6% -18.0% 
11.7% - -7.7% 6.4%  -** 7.7%  -** 
H2ARS
- (exp. λmax = 425 nm) 
6-311+g(d,p) 4.7% -11.1% -15.8% -0.9% -17.9% 0.7% -22.1% 
TZVP 4.7% - -16.0% -1.4% -18.4% 0.7% -22.4% 
Average: 10.7% -5.7% -8.0% 5.0% -11.7% 6.5% -17.4% 
*Geometry optimizations were done at b3lyp/6-311+g(d,p) level of theory 
**Only one excitation calculated above 300 nm (only two peaks in the calculated spectra) 
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